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LOW-LOSS COPLANAR WAVEGUIDES AND METHOD OF 

FABRICATION 



FIELD OF THE INVENTION 

[0001] This invention relates to low-loss millimeter wave transmission 
lines and, in particular, to coplanar waveguides or ground-signal- ground lines. 

DISCUSSION OF THE RELATED ART 

[0002] During the past three decades, a steady progress of silicon- based 
integrated circuit technology brought about the advent of ULSI devices and 
sub-quarter micron features. Currently, such advanced technologies are 
increasingly finding applications in both radio-frequency (RF) electronics and 
sensory electronics, and these technologies are expected to combine the RF 
devices and sensors with ULSI on a chip for low cost fabrication processes. 
Silicon micro-fabrication technologies have also been applied to millimeter 
wave devices. 

[0003] Current state-of-the-art millimeter wave devices for operating at 
frequencies employing signals having a wavelength of one to ten millimeters 
are traditionally constructed in a metal waveguide. Typical construction 
techniques implement the traditional dimensional milling of the metal 
structure. However, since the waveguide dimensions are proportional to the 
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operating wavelength, these dimensions become smaller as the frequency 
increases. As the frequency of the device increases, exceeding 100 GHz, for 
example, the complexities of traditional fabrication and the strict tolerances 
required become extremely difficult to achieve. In large quantity production 
schemes, traditional precision milling techniques are extremely costly in 
achieving the precision required for devices of all types of applications. 

[0004] Millimeter wave devices are typically manufactured in coplanar 
waveguide structures. A coplanar waveguide structure has one or more closely 
spaced, but separated, longitudinal coplanar signal conductors positioned 
transversely between, and separated from, two adjacent longitudinal coplanar 
ground conductors by respective gap widths. Frequency signals are carried 
along the facing edges of the signal to ground conductors. The ground 
conductors may be much wider than the gaps between signal to signal or signal 
to ground. 

[0005] Coplanar waveguides are particularly useful because of the 
simplified structure provided by having both signal and ground conductors on 
a single plane and the resulting access to the ground planes on both sides of 
the signal conductor. Adjacent coplanar waveguides are known to be used to 
connect different flip-mounted circuits. The coplanar waveguides also provide 
improved isolation between signal conductors as compared to some other 
transmission line structures. 

1268428 v1; R6Q401LDOC 



Micron Ref. 99-1130 -3- Docket No.: M4065.0383/P383 

[0006] Millimeter wave devices manufactured as coplanar waveguide 
structures, however, are not practical because of the high dielectric losses due 
to silicon substrates as well as high conductor losses due to interconnections 
encountered at frequencies above 60 GHz. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides coplanar waveguides which are 
more reliable and able to accommodate reduced circuitry dimensions and 
increased frequencies, as well as methods of forming such coplanar waveguides. 

[0008] In an exemplary embodiment, a coplanar waveguide is provided 
having a deep trench between the signal line and the ground plane. In one 
embodiment, an oxide layer is provided over a substrate and a photoresist is 
applied and patterned to define areas for the signal line and ground plane. A 
barrier layer is provided over the oxide layer in the defined areas. A metal layer 
is deposited over the barrier layer. An etch mask is deposited over the metal 
layer and the photoresist, and the underlying portion of the oxide and barrier 
layers are removed to expose the substrate surface. An outer silicide layer is 
also provided to passivate the exposed metal sidewalls and a deep trench is 
formed at the exposed surfaces of the substrate by anisotropic etching using 
the etch mask. In another embodiment, isotropic etching is used to form a 
deep trench at the exposed surfaces of the substrate. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



[0009] The above advantages and features of the invention will be more 
clearly understood from the following detailed description which is provided in 
connection with the accompanying drawings. 

[0010] Figure 1 illustrates a cross-sectional view of a coplanar waveguide 
fragment constructed in accordance with a first embodiment of the invention. 

[0011] Figure 2 illustrates a cross-sectional view of the coplanar 
waveguide fragment of Figure 1 at a processing step subsequent to that shown 
in Figure 1 . 

[0012] Figure 3 illustrates a cross -sectional view of the coplanar 
waveguide fragment of Figure 1 at a processing step subsequent to that shown 
in Figure 2. 

[0013] Figure 4 illustrates a cross-sectional view of the coplanar 
waveguide fragment of Figure 1 at a processing step subsequent to that shown 
in Figure 3. 

[0014] Figure 5 illustrates a cross -sectional view of the coplanar 
waveguide fragment of Figure 1 at a processing step subsequent to that shown 
in Figure 4. 
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[0015] Figure 6 illustrates a cross -sectional view of the coplanar 
waveguide fragment of Figure 1 at a processing step subsequent to that shown 
in Figure 5. 

[0016] Figure 7 illustrates a cross-sectional view of the coplanar 
waveguide fragment of Figure 1 at a processing step subsequent to that shown 
in Figure 6. 

[0017] Figure 8 illustrates a cross-sectional view of the coplanar 
waveguide fragment of Figure 6 at a processing step subsequent to that shown 
in Figure 6 and in accordance with a second embodiment of the present 
invention. 

[0018] Figure 9 illustrates a cross-sectional view of the coplanar 
waveguide fragment of Figure 7 at a processing step subsequent to that shown 
in Figure 7. 

[0019] Figure 10 illustrates a cross-sectional view of the coplanar 
waveguide fragment of Figure 7 at a processing step subsequent to that shown 
in Figure 9. 

[0020] Figure 11 is a schematic diagram of a processor system 
incorporating the coplanar waveguide constructed in accordance with the 
present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 



[0021] Exemplary embodiments of the present invention will be 
described below in connection with the drawings. Other embodiments may be 
utilized and structural or logical changes may be made without departing from 
the spirit or scope of the present invention. Although exemplary process 
conditions for forming various material layers are described below, these are 
only representative and are not meant to be considered as limiting the 
invention. 

[0022] The term "substrate" used in the following description may 
include any semiconductor-based structure that has an exposed semiconductor 
surface. Semiconductor- based structure must be understood to include silicon, 
silicon-on insulator (SOI), silicon-on sapphire (SOS), doped and undoped 
semiconductors, epitaxial layers of silicon supported by a base semiconductor 
structure foundation, and other semiconductor structures. The 
semiconductor- based structures need not be silicon-based. The semiconductor 
could be silicon- germanium, germanium, or gallium arsenide. When reference 
is made to substrate in the following description, previous process steps may 
have been utilized to form regions or junctions in the base semiconductor or 
foundation. 

[0023] Referring now to the drawings, where like elements are 
designated by like reference numerals, Figures 1-10 illustrate embodiments of 
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exemplary coplanar waveguides 100, 200 (Figures 9-10) fabricated in 
accordance with methods of the present invention. Figure 1 depicts a portion 
of a semiconductor substrate 12 on which an insulating oxide layer 14 is 
formed by conventional methods of the prior art. In an exemplary 
embodiment of the invention, the semiconductor substrate 12 is formed of 
silicon (Si), and thus, reference to the semiconductor substrate 12 will be made 
in this application as to the silicon substrate 12. The silicon substrate 12 may 
have any crystalline orientation and, therefore, an advantage of the present 
invention is that the formation of grooves and/or channels within the silicon 
substrate 12 which will form the coplanar waveguides of the present invention 
as it will be explained in more detail below, is not restricted to a silicon 
substrate with <100> orientation, as in the prior art. 

[0024] The oxide layer 14 (Figure 1) may be formed by deposition, for 
example, to a thickness of about 200 Angstroms to about 300 Angstroms. 
The oxide layer 14 reduces the dielectric loss in the silicon substrate 12. 



Because silicon has ^fielectric constant jof aboutJLZ) which is high compared 
to that of air,&/hich is^^most of the electric field lines and of the electric flux 
appear through the silicon, and not through air. The electric field lines and 
the electric flux which concentrate in the silicon substrate 12 further result in 
high losses in the substrate. The formation of the low dielectric constant oxide 
layer 14 above, and in contact with, the silicon substrate 12, and below signal 
conductors as it will be described in detail below, minimizes the electric field 
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and the electric flux in the conductive silicon substrate and minimizes the 
losses. 



[0025] Referring now to Figure 2, a thick photoresist 16 of about 
300,000 Angstroms to about 500,000 Angstroms is patterned by 
photolithography, for example, to define openings 13 (Figure 3) wherein 
signal conductor lines and ground conductor planes will be later formed, as 
will be described below. After the exposure and development of the exposed 
portions of the photoresist 16, portions 16a of the unexposed and 
undeveloped photoresist 16 and the openings 13 are formed over the silicon 
substrate 12, as shown in Figure 3. 

[0026] A lift-off metallization process is next performed by depositing a 
barrier layer 18 in the openings 13 (Figure 3) and over any exposed portions of 
the oxide layer 14, as shown in Figure 4. The barrier layer 18 may comprise 
bonding materials such as tantalum (Ta), titanium (Ti), titanium-tungsten 
(TiW), titanium nitride (TiN) or chromium (Cr), among others. The barrier 
layer 18 acts as a diffusion barrier layer and forms a strong mechanical and 
chemical bond between the conductive material which will be formed later and 
the oxide layer 14 to help prevent peeling of the formed conductive material 
from the oxide layer. In a preferred embodiment of the invention, the barrier 
layer 18 is formed of graded titanium nitride (TiN). According to this 
embodiment, titanium is first deposited to a thickness of about 50 Angstroms 
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to about 100 Angstroms followed by titanium nitride deposition, by 
continuing evaporation of titanium in the presence of nitrogen, for example. 

[0027] Next, as illustrated in Figure 5, a conductive material 20 
preferably comprising copper (Cu) is formed to a thickness of about 100,000 
Angstroms to about 200,000 Angstroms to partially fill the openings 13. 
According to an embodiment of the present invention, the conductive material 
20 is deposited by thermal evaporation at or near room temperature, for 
example, but other suitable methods may be employed also, as desired. 

[0028] Copper (Cu) is preferred for the conductive material 20 because 
copper has a low electrical resistivity (1.67 micro-ohm/cm) which helps to 
reduce conductor loss. Copper is also preferred because its deposition near or 
at room temperature minimizes the grain growth and provides a smoother 
surface. Various studies have directly related the surface roughness of a 
conductive material with conductor losses. For example, the correlation 
between surface roughness and improvements in the RF losses has been 
studied by McGrath et. al. in Silicon Micromachined Waveguides for Millimeter- 
Wave and Submillimeter-Wave Frequencies^ IEEE Microwave and Guided 
Wave Letters No. 3, p. 61 (March 1993), the disclosure of which is 
incorporated by reference herein. According to this study, the conductivity of 
the gold plating of the commercial waveguides typically employed in 
applications of the prior art is about 1/10 that of copper, and McGrath et. al. 
concluded that the improvements in the gold surface are directly related to 
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improvements in the RF losses. Thus, copper deposition at or near room 
temperature minimizes the grain growth and provides a smoother surface, 
which in turn lower the losses. 

[0029] Subsequent to the deposition of the conductive material 20, a 
silicon oxide layer 22, of silicon dioxide (Si0 2 ) or silicon oxide (SiO), for 
example, is formed over the conductive material 20 to completely fill the 
openings 13, as also illustrated in Figure 5. As it will be described in more 
details below, the top silicon oxide layer 22 is used as an etch mask during the 
trench formation and, thus, reference to the silicon oxide layer 22 will be also 
made as to the mask layer 22. The silicon dioxide layer 22 may be deposited 
by thermal evaporation at or near room temperature, for example, to a 
thickness of about 5,000 Angstroms to about 10,000 Angstroms, but other 
suitable methods may be employed also, as desired. Further, any excess 
titanium nitride, conductive material and/or silicon oxide can be removed by 
chemical mechanical polishing or selective etching, for example, after each 
successive deposition. 

[0030] As illustrated in Figure 6, subsequent to the formation of the 
conductive material 20 and of the silicon oxide layer 22, the remaining 
portions 16a of the photoresist 16, as well as portions of the oxide layer 14 
located below the remaining portions 16a of the photoresist 16, are removed 
by chemicals so that structures 2a, 4a and 6a remain over the silicon substrate 
12. Removal of the remaining portions 16a of the photoresist 16 and of the 
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oxide layer 14 located below the remaining portions 16a may be accomplished 
by using a KOH solution, hot acetone or methylethylketone, or by flooding 
the silicon substrate 12 with UV irradiation to degrade the remaining portions 
16a as well as the portions of the oxide layer 14 located below the remaining 
portions 16a. As illustrated in Figure 6, each of the structures 2a, 4a and 6a 
includes portions of the oxide layer 14, the barrier layer 18, the conductive 
material 20 and the silicon oxide layer 22. 

[0031] If copper (Cu) is employed as the conductive material 20, a thin 
passivation layer, in the range of about 50 Angstroms to about 100 Angstroms, 
may be formed to passivate any exposed copper surfaces, that is any exposed 
sidewalls of each of the structures 2a, 4a, 6a of Figure 6. For this, the silicon 
substrate 12 may be exposed to a dilute silane at a temperature of about 300°C 
to form a thin surface silicide layer 24 (Figure 7) on each of the exposed 
sidewalls of the conductive material 20 of each of the structures 2a, 4a, 6a. 
This way, the thin surface silicide layers 24 complete the fabrication of signal 
conductor line 2 and that of ground conductor planes 4, 6, all illustrated in 
Figure 7. 

[0032] Alternatively, a thin gold (Au) layer 21 (Figure 8) of about 
10,000 Angstroms to about 20,000 Angstroms may be formed on top of the 
copper material 20 and on each side of the structures 2a, 4a and 6a of Figure 
6. The thin gold layer 21 of Figure 8 may be formed toward the end of the 
copper deposition by electroplating, for example. 
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[0033] Referring now to Figure 9, deep trenches 26, 28 are next formed 
in the silicon substrate 12 by etching, for example, to complete the fabrication 
of the coplanar waveguide 100. In an exemplary embodiment, anisotropic 
etching using the silicon oxide layer 22 as a mask is employed to etch the 
silicon substrate to a depth of about 100,000 Angstroms to about 200,000 
Angstroms and to form the deep trenches 26 and 28, respectively. The 
^ anisotropic etchant may be, fo r exam ple, p otas sium h^ ja^ader-teii^ 
ammonium hydrooxide, or ethylene diamine pyrocatecol, among others. 
Preferably, trenches 26, 28 of Figure 9 are formed by reactive ion e tching s 
using a deep trench etcher at an etch rate of about 2.2 \ivci/^^^ 

[0034] Alternatively, an isotropic etching such as wet etching may be 
employed to form trenches 27, 29, as illustrated in Figure 10, and to complete 
the formation of coplanar waveguide 200. As shown in Figure 10, each of the 
trenches 27, 29 has a substantially circular shape, with a radius Rof about 
50,000 Angstroms to about 100,000 Angstroms. 

[0035] The width W (Figure 9) of the trenches 26, 28 is of about 
150,000 Angstroms to about 200,000 Angstroms. The width S (Figure 9) of 
the signal conductor line 2 is of about 250,000 Angstroms to about 350,000 
Angstroms, and the thickness T (Figure 9) from the top surface of the silicon 
oxide mask layer 22 to the top surface of the silicon substrate 12 is of about 
100,000 Angstroms to about 200,000 Angstroms. 
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[0036] 



The present invention provides coplanar waveguides 100, 
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200 (Figures 9-10) having deep trenches between the signal line and the 
ground planes. The coplanar waveguides of the present invention are formed 
on a silicon substrate of any crystalline orientation and, thus, their formation is 
not limited to a silicon substrate of <100> orientation, as in the prior art. In 
addition, by using an oxide layer below the conductive material, formed 
preferably of copper, the electric field and the flux lines in the silicon substrate 
are minimized and, thus, the substrate losses are substantially reduced. 
Furthermore, the lift-off metallization process of the present invention for the 
formation of the signal conductor and ground planes reduces the number of 
processing steps of the prior art and eliminates the need for difficult prior art 
techniques, such as deposition of a polyimide and a subsequent planarization 
by a two-step chemical mechanical polishing. 

[0037] Figure 11 illustrates a processor system 102, including central 
processing unit (CPU) 112, RAM and ROM memory devices 108, 110, 
input/output (I/O) devices 104, 106, floppy disk drive 114 and CD ROM 
drive 116. All of the above components communicate with each other over 
one or more bus systems 118. One or more of the central processing unit 
(CPU) 112, RAM and ROM memory devices 108, 110 are fabricated on 
silicon substrate 12 with coplanar waveguides, such as the coplanar waveguides 
100, 200 (Figures 9-10) formed in accordance with methods of the present 
invention. 
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[0038] Although the invention has been described above in connection 
with exemplary embodiments, it is apparent that many modifications and 
substitutions can be made without departing from the spirit or scope of the 
invention. Accordingly, the invention is not to be considered as limited by the 
foregoing description, but is only limited by the scope of the appended claims. 
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